Skin conductance changes (SCC) reflect the activity in the sympathetic postganglionic cholinergic fibers, which innervate the sweat glands located in the palm of the hand and the sole of the foot. The purpose of this study was to measure the changes in the number of waves per second, the wave amplitude, and the mean skin conductance level during the 1st year of life. During SCC elicited by an auditory stimulus we measured the percentage of infants that responded, the amplitude, latency and recovery times, and any habituation pattern. Thirty-nine full-born, healthy infants were investigated during their 1st and 3rd days of life, at 3 and 10 wk of life, and at 6 and 12 mo of life. The mean skin conductance level (p Ͻ 0.001), the number of waves with an amplitude threshold higher than 0.5 and 1.0 siemens (p Ͻ 0.001), and the amplitude of the waves (p Ͻ 0.001) all increased during the first 10 wk of life. The percentage that responded to stimuli increased from 8% to 50%, and the amplitude of the response increased during the first 10 wk of life (p Ͻ 0.001). The level of arousal influenced the mean skin conductance level, the number of waves per second, and the amplitude of the waves during the 1st year of life. In conclusion, these results indicate that the part of the sympathetic nervous system associated with arousal develops during the first 10 wk of life. The sympathetic nervous system innervates a large number of end organs in the human body, such as the emotional sweat glands in the palm of the hand and sole of the foot, the blood vessels in the skin and muscles, the adrenal glands, and the heart. Wallin et al. have shown that although the sympathetic nervous system normally acts as a single system, parts of it can also be separately activated (1). A direct relation has been shown in humans between CNS norepinephrine release, sampled in internal jugular venous plasma, and the peripheral sympathetic nerve-firing rate (2). The activity in the sympathetic fibers of the nerves supplying the different organs has been investigated with the microelectrode recording technique (3). A direct correlation was found between the skin sympathetic firing rate, and also the firing amplitude in the innervating nerves, on the one hand and the increased sweat response located in the sweat glands in the palms of the hands and soles of the feet, measured in terms of the number and amplitude of spontaneous skin conductance waves, on the other (3, 4) .
The sympathetic nervous system innervates a large number of end organs in the human body, such as the emotional sweat glands in the palm of the hand and sole of the foot, the blood vessels in the skin and muscles, the adrenal glands, and the heart. Wallin et al. have shown that although the sympathetic nervous system normally acts as a single system, parts of it can also be separately activated (1) . A direct relation has been shown in humans between CNS norepinephrine release, sampled in internal jugular venous plasma, and the peripheral sympathetic nerve-firing rate (2) . The activity in the sympathetic fibers of the nerves supplying the different organs has been investigated with the microelectrode recording technique (3) . A direct correlation was found between the skin sympathetic firing rate, and also the firing amplitude in the innervating nerves, on the one hand and the increased sweat response located in the sweat glands in the palms of the hands and soles of the feet, measured in terms of the number and amplitude of spontaneous skin conductance waves, on the other (3, 4) .
The sweat gland response itself can be measured both in terms of skin evaporation and in terms of skin electrical admittance, as well as by visual inspection using a microscope. The real part of skin admittance, the skin conductance changes (SCC), can be measured during spontaneous activity and during responses elicited by external stimulation. Skin conductance reflects the level of readiness of the nervous system, or cortical vigilance, and may be altered by the infant's state of arousal. SCC may be due to activity in areas of the CNS such as the brainstem, reticular substance, the hypothalamus, the premotoric cortex, the amygdala, the hippocampus and sympathetic cervical ganglions (5) .
The purpose of this study was to investigate the development of that part of the sympathetic nervous system associated with arousal during the 1st year of life by measuring the emotional sweat gland response in terms of spontaneous and stimulated SCC. The mean skin conductance level, the number of waves
METHOD

Subjects.
The infants were all recruited from The Department of Obstetrics and Gynaecological at the National Hospital, Oslo, Norway. A total of 56 newborn infants were enrolled in the study, 29 females and 27 males. Eight of these (5 male, 3 female) dropped out of the study, and were subsequently excluded. Four infants (all male) moved to different parts of the country and were also excluded together with 5 infants (4 male, 1 female) that missed 3 or more recordings. The rest, a total of 14 males and 25 females, completed the study. All infants were born at Ͼ37 wk of gestation, based on the delivery date determined by ultrasound. The infants were all healthy and had an Apgar score equal to or better than 9 at 5 min. All the parents were of Scandinavian origin. Ten adults, aged 21 to 56 y, 5 male, 5 female, were also recruited to be able to compare the level of SCC in adults with that in the infants. Information about the delivery was recorded, including the method of delivery (vaginal, caesarean or breech delivery) and any delivery aid (suction, forceps) or anesthetics used. The SCC was measured between 10.00 and 17.00. Informed consent was obtained, and the regional Ethics Committee for Human Studies approved the protocol.
Apparatus. Conductance was measured essentially with the method developed by Qiao et al. (6) , but with the use of only one excitatory frequency, 88 Hz. Conductance was chosen in preference to resistance because of the parallel nature of the electrical polarization and conduction in the skin (7) . Thus low frequency electrical conductance reflects ionic conduction in the stratum corneum, which is largely determined by sweat duct filling (8, 9 ). An important point that is often confused in the literature is that electrical resistance is the inverse of conductance only in the case of direct current. Alternating current resistance is a function of both conductance and susceptance. This means that the choice of conductance rather than resistance is crucial. A frequency of 88 Hz is high enough to significantly reduce the requirements for low electrode polarizability, but low enough to ensure minimal influence from viable skin (9) .
An applied voltage of 50 mV and a three-electrode system were used to allow unipolar measurement (10) . The threeelectrode system consists of a measuring electrode (M), a counter current electrode (C) and a reference voltage electrode (R), which ensure a constant applied voltage across the stratum corneum beneath the M electrode. The resulting current through the M electrode was then converted to a voltage in a transresistance amplifier, and a synchronous rectifier was used to decompose the signal into conductance and susceptance.
In this study we only investigated the conductance. An optical coupler was developed in conformity with the safety regulations in IEC-60 -601. A loudspeaker producing broadspectrum white sound of 2 s duration, with an effect of approximately 75 dB, 30 cm away from the subject's ear, was used as an external stimulant. Beckman electrodes were used for the recording (Sensorimedics no. 650418). The electrodes were fixed to the skin by disks of double-sided adhesive tape produced by 3M, MN, U.S.A. Conductive paste from the National Hospital Pharmacy, containing 6 g hydroxyethylcellulose 700, 0.58 g NaCl, 0.1 g methylparahydroxybenzene, 0.1 g propylparahydroxybenzene, 2 g alcohol 96%, and purified water up to 100 g was used to improve electrode conductance.
Software program. Skin conductance was sampled with a frequency of 50 Hz, with 12-bit resolution. The data were stored online using a portable IBM-compatible computer and were analyzed off line by means of a software package. The skin conductance recording and analysis software program were custom made using the LABVIEW program, National Instruments, U.S.A. (11) . The amplitude threshold, slope threshold of the waves, latency time window, and recovery time window were all adjustable. The 0.02 siemens amplitude threshold was chosen after analyzing the magnitude of the electrical noise. Higher thresholds were set at 0.5 and 1.0 siemens to identify the number of waves with higher amplitudes. The threshold for the slope, defined as the mean distance from the valley to the peak/time to reach peak, was set at 2 siemens/s, and excluded the artifacts with a steeper slope. The method produced artifacts when an electrode was disconnected from the skin but was not sensitive to movement or changes in the normal temperature range. During the auditory measurements the latency time window was set at 0.5 to 5 s. The software program was designed to detect the recovery time after a response, defined as 50% recovery of the response amplitude. All responses were analyzed 5 s before, and 15 s after the auditory stimuli.
During spontaneous SCC, the software program measured and analyzed the mean spontaneous skin conductance level, the number of waves per second, and the amplitude of the waves (Fig. 1 ). During SCC elicited by auditory stimuli the software program used coherent averaging to identify whether or not the infant responded to the sound given. This method superimposes all the responses and eliminates the spontaneous waves. This allows it to calculate the mean reaction to the stimuli (Fig.  2) . A positive response was defined as a wave with an amplitude threshold higher than 0.02 siemens. The software program analyzed the amplitude of the response, the percentage of infants that responded and the latency and recovery times. It also calculated the latency time, amplitude and recovery time for each individual response to detect any pattern of habituation. Both hardware and software are developed by Med-Storm Innovation, product number 060895, Oslo, Norway.
Procedure. Measurements were made at the following time points: during the 1st and 3rd day of life, the 3rd and 10th weeks of life, and at 6 and 12 mo of age -time points 1, 2, 3, 4, 5 and 6 respectively. The C electrode was placed on the medial side of the foot over the abductor hallucis muscle on the plantar surface. The M electrode was placed directly beneath the ankle, and the R electrode was placed on the dorsal side of the foot. These areas were chosen in 838 accordance with the Edelberg guidelines for placement of electrodes to obtain the most sensitive measurement (12) . Each subject was placed on an examination table, and spontaneous SCC was recorded for 3 min in a prone and 3 min in a supine position, with a random starting position. After the spontaneous SCC measurement, SCC during auditory stimulation was recorded. During this period the subjects were exposed to ten auditory stimuli, after 0, 25, Coherent averaging was used to analyze the response during the skin conductance changes to auditory stimuli. In the top diagram, all 10 responses to auditory stimuli administered to a particular infant are recorded (numbers 1-10). In the lower diagram the smoothed average of all 10 measurements is presented. All the peaks and valleys were identified. A sound stimulus initiated a response with a maximum amplitude after a latency time, but no recovery was seen within 15 s.
SKIN CONDUCTANCE IN INFANTS
Statistics. The statgraphics statistical package was used. Parametric tests were used for variables that were normally distributed, if necessary after transformation. The mean skin conductance level had to be log-transformed to fulfill the criteria. An ANOVA was used to test for group differences, and a post hoc test was subsequently applied to identify where the significant differences were located. The degree of habituation was measured by calculating the nonparametric Spearman correlation coefficient between the number of stimuli and wave amplitude.
Multivariable analysis was used to identify any effects of the infant's position, arousal, temperature, sex, and the time elapsed since the last feed (defined as less or more than 60 min) during the spontaneous skin conductance changes. The model was also corrected for the effect of time, by introducing time as an independent factor. The effects of delivery aids and method of delivery were identified by multivariable analysis. No statistical comparisons were made between the infant and the adult populations. The significance level was 0.05.
RESULTS
There were no statistical differences between the results from the measurements in a prone and a supine position, so only the results from the supine position are presented.
Spontaneous SCC. The mean (ϮSD) level of arousal during the spontaneous measurements was 2.12 (Ϯ0.83) during the first measurement, 2.5 (Ϯ1.03) during the second, 2.71 (Ϯ0.77) during the third, 2.76 (Ϯ0.59) during the fourth, 2.54 (Ϯ0.49) during the fifth and 2.30 (Ϯ0.45) during the last measurement.
The mean skin conductance level. The mean skin conductance level increased significantly during the first 10 wk of life, from 2.63 siemens on day 1 to 3.67 siemens at 10 wk of life (p Ͻ 0.001). (The adult value was 1.03 siemens (Fig. 3) .) The results from measurements 1, 2, and 3 were significantly lower than the results from measurements 4, 5, and 6. The ANOVA model for the mean skin conductance level was positively correlated to the arousal (p Ͻ 0.001), but when correcting for the effect of time points, arousal did not show a significant additional effect. The time since the last feed had no effect on the mean skin conductance level.
The number of waves. A significant decrease in the mean number of smaller waves, defined by an amplitude threshold of 0.02 siemens per second (Fig. 4) , was found between the 3rd day of life (0.42 waves per second) and the end of the 1st year (0.19 waves per second) (p Ͻ 0.001). (The adult value was 0.25 waves per second.) Result from measurement 1 was significantly different from the results from measurements 2 and 3. Results from measurements 2 and 3 were different from the results from measurements 5 and 6, and the results from measurement 4 was different from the result from measurement 6 (p Ͻ 0.001).
At amplitude thresholds of 0.5 and 1.0 siemens, a significant increase in the mean number of waves was seen during the first 10 wk of life (p Ͻ 0.001) (Fig. 4) . Results from measurements 1 and 2 were different from the results from measurements 4, 5 and 6, and the result from measurement 3 was different from the results from measurements 4 and 5. These results indicate that the low-amplitude waves decreased as the high-amplitude waves increased during the 1st year of life. At amplitude thresholds 0.02, 0.5 and 1.0 siemens, the number of waves per second during the 1st year of life was positively correlated with the infants' level of arousal (p Ͻ 0.01). Correcting for the effect of time, the number of waves per second still proved to be positively correlated with the infant's arousal, using the threshold of 0.5 siemens as well as 1.0 siemens (p Ͻ 0.05). The feeding time had no effect on the number of waves per second.
The amplitude of the waves. The mean amplitude, using an amplitude threshold of 0.02 siemens (p Ͻ 0.001) (Fig. 5) , increased significantly during the first 6 mo of life, from 0.23 siemens during the 1st day of life up to 1.26 siemens at 6 mo of life, and especially during the first 10 wk of life. The results from measurements 1, 2, and 3 were different from the results from measurements 4, 5, and 6. (The adult value was 0.25 siemens.) At amplitude thresholds of 0.5 and 1.0 siemens a significant increase during the first 10 wk of life was The infant's sex and temperature, the method of delivery, use of delivery aid, and any anesthetics used during delivery had no statistically significant influence on any of the spontaneous skin conductance variables. Stimulated SCC. The mean level of arousal (ϮSD) before the onset of auditory stimuli was 2.04 (Ϯ0.91) during the first measurement, 2.5 (Ϯ0.95) during the second, 2.69 (Ϯ0.74) during the third, 2.85 (Ϯ0.60) during the fourth, 2.63 (Ϯ0.52) during the fifth and 2.45 (Ϯ0.59) during the last measurement.
During auditory stimulation the percentage of the infants that responded increased significantly during the first 10 wk of life. Eight per cent responded on the 1st day of life and 63% responded at 12 mo of life (p Ͻ 0.002). The result from measurement 1 was different from the results from the measurements 4, 5, and 6, and results from measurements 2 and 3 were different from the results from measurement 4 ( Table 1) . (The adult value was 100%.)
The mean amplitude of the response to the auditory stimulus increased from 1.43 siemens during the 1st day of life up to 2.58 siemens at 10 wk of life (p Ͻ 0.02) ( Table 1 ). The result from measurement 1 was different from the results from measurement 4, 5, and 6, and result from measurement 2 was different from the result from measurement 6. (The adult value was 0.50 siemens.)
No statistically significant change was found in the mean latency time (Table 1 ). The numerical value decreased from 2.1 s during the first measurement to 1.6 s at 6 mo, and then increased to 2.0 s at one year of life. (The adult value was 2.1 s.)
No statistically significant change was found in the mean recovery time during the 1st year. Only a small percentage recovered during this period of time (20.3%). When individual responses were analyzed, signs of habituation were found in a few infants, but the habituation was not statistically significant.
DISCUSSION
During the first 10 wk of life spontaneous SCC showed an increase in the mean skin conductance level, an increase in the number of waves per second with a higher amplitude threshold, and an increase in the wave amplitude (p Ͻ 0.001). During auditory stimulation the percentage of subjects that responded and the amplitude of the response both increased during the first 10 wk of life (p Ͻ 0.001), and then stabilized during the 1st year of life. No significant changes were found in the degree of habituation, the recovery or latency time. The latency time did not show a significant change during the 1st year of life, but its numerical value increased during the 1st year of life, and stabilized at approximately the same level as reported for an adult population (13) .
Our results demonstrate that only 8.5% of the infants responded to the auditory stimuli during the 1st week of life. Gladman et al. found that in response to a heel prick, the babies became aroused and that the level of mean skin conductance level rose sharply and immediately in 21 out of 22 babies (95%) with a gestation age of 40 -43 wk (14) . This may indicate that our auditory stimulus was not as efficient as a heel prick in producing an SCC response. The heel prick response, measured by mean skin conductance level, increased during the 1st months of life in infants born to term (14) .
Gladman also claimed that this increase is dependent on the innervating sympathetic nervous system, and on the properties of the sweat glands and the skin itself (14) . Harpin et al. used a skin evaporation meter to detect the effect of increased arousal, and identified increased palmar water loss during the 1st week of life (15) . Likewise Rutter et al. stated that in term babies the water loss from the palms and soles measured in terms of the water vapor pressure gradient increased from birth up to the age of 4 weeks, and explained this increase by the onset of emotional sweating (16) . The skin impedance, which is the "resistance" to an alternating current, has been shown to drop during the 1st postnatal months, and this is explained by increased skin hydration, again the product of greater functional maturity of the eccrine sweat glands (17) . Emery states that the highest level of impedance is present at term, and then drops over the next 4 months (18). These results, like ours, all indicate that the mean skin conductance level increases, but they are unable to differentiate between the development of the palmar and plantar sweat glands themselves, the skin, and the development of the part of the sympathetic nervous system associated with arousal. Interestingly, the present study demonstrates that the number of waves with an amplitude threshold higher than 0.5 siemens was influenced by arousal, when the influence of time had been corrected for. This finding indicates an increase in the activity of the part of the sympathetic nervous system associated with arousal during the first 10 wk of life. The sweat glands in the palms of the hand and soles of the feet are anatomically developed during the second trimester (17), but are not fully functional until 36 to 37 wk of gestation (15) . Joergensen et al. demonstrated that the emotional sweat glands were mature and functioning after 2 wk of life (19) . Shankle found that the sweat gland duct length and the volume of the sweat gland coil both rise with age (20) . These findings may indicate that the rise in amplitude and the mean skin conductance level in this study are also influenced by the maturity of the sweat glands.
Even though the peripheral sympathetic nervous system is developed at 18 wk of gestation (21) , myelinization continues to mature with increasing age (22) . Littman et al. have demonstrated that both infants born to term and those born preterm show a significant correlation between nerve velocity and conceptional age (23) . These results indicate that the maturation of the peripheral sympathetic nervous system may be a contributing factor.
During pregnancy the developing fetus relies primarily on the adrenal glands, the "nonneurogenic" response under stress, for the unselective discharge of catecholamine, but after a few weeks of life this direct response fades away as the sympathetic nerves and nerve endings develop and become functional (24, 25) . In this nonneurogenic response, epinephrine predominates over norepinephrine (26) , while during the neural response norepinephrine is predominant (25) . These findings indicate that other part of the sympathetic nervous system continues to mature during the 1st weeks of life, which is in accordance with our results.
The fetal heart rate depends on a delicate balance between the sympathetic and parasympathetic nervous system. The development of the heart rate follows the development of SCC during the 1st months of life. In healthy infants the heart rate increases significantly from the 1st week to the 3rd month of life, and then returns to the neonatal rate and is stabilized at 6 months of age (27) . On the other hand, the activity of the sympathetic nervous system that innervates the arteriovenous anastomoses in the skin, as measured by a laser Doppler flowmeter, does not increase during the first 14 wk of life (28) .
Measuring skin conductance is a safe, noninvasive and semitemperature-independent method, and it is also little influenced by circulatory changes (29, 30) .
To conclude, the increase in the number of waves with a higher amplitude than 0.5 siemens, the amplitude of the waves, and the mean skin conductance level indicate that the part of the sympathetic nervous system associated with arousal matures from birth up to the age of 10 wk. This method may be an effective way of evaluating stress in infants (31) , and especially pain responses (29, 30) . This method can also be used to evaluate impaired maturation of the sympathetic nervous system associated with arousal in connection with risk factors for the sudden infant death syndrome.
